In this study, the zonal mass streamfunction C, which depicts intuitively the tropical Pacific Walker circulation (PWC) structure characterized by an enclosed and anticlockwise rotation cell in the zonal-vertical section over the equatorial Pacific, was used to study the changes of PWC spatial structure during 1979-2012. To examine the robustness of changes in PWC characteristics, the linear trends of PWC were evaluated and compared among the current seven sets of reanalysis data, along with a comparison to the trends of surface climate variables. The spatial pattern of C trend exhibited a strengthening and westward-shifting trend of PWC in all reanalysis datasets, with the significantly positive C dominating the western Pacific and negative C controlling the eastern Pacific. This kind of change is physically in agreement with the changes of the sea level pressure (SLP), surface winds, and precipitation derived from both the reanalyses and independent observations. Quantitative analyses of the changes in the PWC intensity and western edge, defined based on the zonal mass streamfunction, also revealed a robust strengthening and westward-shifting trend among all reanalysis datasets, with a trend of 15. . In response to the recent observed La Niña-like anomalous SST forcing, the ensemble simulations from phase 5 of the Coupled Model Intercomparison Project (CMIP5), with 26 models in the ensemble, reasonably reproduced the observed strengthening and westward-shifting trend of PWC, implying the dominant forcing of the La Niña-like SST anomalies to the recent PWC change.
Introduction
The tropical Pacific Walker circulation (PWC), a large-scale zonal overturning atmospheric circulation across the tropical Pacific Ocean, named after the early twentieth-century British meteorologist Sir Gilbert Walker, is one of the most important components of the global climate system. PWC is a thermally direct circulation, driven by ascending motion and deep convection over the warm western Pacific and Maritime Continent and subsidence over the cooler eastern Pacific, with surface easterlies along the equator and westerlies in the upper troposphere (Bjerknes 1969) . Its interannual variability is closely linked to those of El Niño-Southern Oscillation (ENSO), monsoonal circulation, and rainfall over adjacent continents (Philander 1990; Webster et al. 1998; Tanaka et al. 2004 ). The long-term changes of PWC intensity and structure are associated with precipitation and temperature changes, such as the drying of eastern Africa, intensified Northern Hemisphere summer monsoon precipitation, and global warming hiatus in recent decades (Williams and Funk 2011; Wang et al. 2012; Kosaka and Xie 2013; Liu et al. 2013; England et al. 2014; McGregor et al. 2014; Thompson et al. 2015) . The understanding of the PWC change is therefore of great importance to meteorological disaster prediction, ecosystem maintenance, water resource management, and agricultural development.
Long-term changes in PWC have recently been the subject of intense debate in the climate change community (Power and Smith 2007; Power and Kociuba 2011; Meng et al. 2012; Sohn et al. 2013; Tokinaga et al. 2012a,b; DiNezio et al. 2013; L'Heureux et al. 2013; Bayr et al. 2014; McGregor et al. 2014; Sandeep et al. 2014 ). Long-term changes in PWC are dominated by two mechanisms: homogeneous warming (Knutson and Manabe 1995; Held and Soden 2006; Gastineau et al. 2009 ) and inhomogeneous warming (DiNezio et al. 2009 (DiNezio et al. , 2010 Tokinaga et al. 2012a; Sandeep et al. 2014) . The homogeneous warming mechanism argues that the weakening of the tropical PWC under global warming is caused by the decrease of convective mass flux, which balances the slower increase of global-mean precipitation at a rate of around 1%-3% K 21 , compared to the increase of atmospheric water vapor content at a rate of around 7% K
21
, with constant relative humidity (Held and Soden 2006) . This hydrological constraint does not require any horizontal gradients in the warming pattern and was referred to as the homogeneous warming mechanism (Knutson and Manabe 1995; Gastineau et al. 2009 ). The inhomogeneous warming mechanism argues that the tropical Pacific SST change patterns dominate the PWC change (Tokinaga et al. 2012a; Sandeep et al. 2014 ). The El Niño-like or La Niña-like pattern of the equatorial Pacific SST, which resulted from the regional differences in the cooling effect of surface evaporative cooling in response to global warming (Knutson and Manabe 1995; Xie et al. 2010 ) and the ocean dynamical thermostat (Clement et al. 1996; Cane et al. 1997 ), respectively, weaken or strengthen the zonal SST gradient and drive the weakening or strengthening of PWC (Collins et al. 2010; DiNezio et al. 2010; Solomon and Newman 2012) . Meanwhile, recent enhanced Indian Ocean and Atlantic warming may also modulate Pacific climate change by driving the intensification of PWC (Williams and Funk 2011; Luo et al. 2012; McGregor et al. 2014) .
There is physically consistent evidence for a reduction in the strength of PWC during the twentieth century in observations of sea level pressure (SLP), precipitation, sea surface temperature (SST), cloud, and surface wind (Tanaka et al. 2004; Vecchi et al. 2006; Zhang and Song 2006; Deser et al. 2010; Tokinaga et al. 2012b ). Most coupled model simulations also indicate a slowdown of PWC over the twentieth century (Vecchi and Soden 2007; DiNezio et al. 2009; Power and Kociuba 2011; DiNezio et al. 2013; Kociuba and Power 2015) . In the meantime, some studies argue for a strengthening of the twentieth-century PWC (Meng et al. 2012; Sandeep et al. 2014) . As there is large uncertainty in the observed SST warming pattern and the observational SLP dataset Solomon and Newman 2012; Tokinaga et al. 2012b; DiNezio et al. 2013; L'Heureux et al. 2013) , there is still considerable uncertainty concerning the twentieth-century trends of the PWC. The strong internal variability of the tropical Pacific superimposes on the externally forced change of PWC and finally either promotes or cancels out the forced weakening trend of the PWC (Vecchi et al. 2006; Power and Kociuba 2011; Meng et al. 2012; DiNezio et al. 2013; Ma and Zhou 2014) . For instance, the Pacific decadal oscillation (PDO) or the interdecadal Pacific oscillation (IPO) in its warm (cold) phase indicates an SST warm (cold) background condition in the central and eastern tropical Pacific, reducing (increasing) the climatological zonal SST gradient, which locally acts to weaken (enhance) PWC (Deser and Wallace 1990; Garcia and Kayano 2008; Dong and Lu 2013) . The intensified PWC over the past 30 years may also be caused by the decadal variation of El Niño with more frequent occurrence of central Pacific-type El Niño (Sohn et al. 2013) . The recent intensified PWC is suggested to be driven by a mega-El Niño-Southern Oscillation (mega-ENSO), which is a leading mode of interannual-tointerdecadal variation of global SST (Wang et al. 2012) .
In recent years, PWC change has received considerable attention as its recent intensification is closely connected with the rapid sea level rise in the western Pacific (Merrifield 2011) , global warming hiatus (Kosaka and Xie 2013; England et al. 2014; Thompson et al. 2015) , SLP change (L'Heureux et al. 2013) , intensified Northern Hemisphere summer monsoon (Wang et al. 2012) , and the reversals of multidecadal weakening of the Indonesian Throughflow and Leeuwin Current transports (Feng et al. 2011) . Most previous studies mainly focused on the change of the PWC intensity and are usually based on the analyses of surface wind and SLP of only one observational or reanalysis dataset (Feng et al. 2011; Li and Ren 2012; Luo et al. 2012; de Boisséson et al. 2014; McGregor et al. 2014; England et al. 2014) . As found in some previous studies (Annamalai et al. 1999; Kinter et al. 2004; Tokinaga et al. 2012b; de Boisséson et al. 2014; Schwendike et al. 2014) , the observing system used for the data assimilation frequently undergoes major changes and then may induce some spurious signals of the tropical circulation changes derived from the atmospheric reanalysis products. There were observing system changes in the period after 1979 that may have been as significant as earlier changes insofar as they may have significantly altered the deep heating and, consequently, the PWC (e.g., Onogi et al. 2007; Chen et al. 2008) . Up to now, less effort has been devoted to the study on how the whole three-dimensional structure of the PWC changed in the recent three decades, a period with better observations covering it and multiple reanalysis datasets available. Meanwhile, few studies have determined how reliable the changes of PWC revealed by reanalysis datasets are and how uncertain the corresponding PWC changes among different datasets are. Moreover, mechanisms causing the recent strengthened PWC remain inconclusive. In this study, we examine the robustness of PWC change characteristics, including the intensity, western edge, and spatial structure in the recent three decades (1979-2012) using multiple reanalysis datasets and independent observations of atmospheric variables that are closely linked to the changes in the PWC, based on multi-PWC indices. To further examine how the PWC responds to observed SST forcing alone and understand the mechanism of PWC change, we further analyze the PWC change in the Atmospheric Model Intercomparison Project (AMIP) experiments. We show evidences that, in terms of the changes in the three-dimensional structure, the PWC has strengthened and shifted westward during the recent three decades. The intensification and westward shift of PWC are robust in all seven sets of reanalysis data, with an intensified rate of 15% decade 21 (range from 8% to 18% decade
) and westward-shifting rate of 3.78 longitude decade 21 (range from 2.68 to 4.78 longitude decade
). Analyses of 26 model simulations from phase 5 of the Coupled Model Intercomparison Project (CMIP5), used for the AMIP experiments, found that the models successfully reproduced the observed strengthening and westward shift of PWC, which is indicative of a dominant forcing of the La Niña-like SST anomalies to the observed PWC change.
The remainder of the paper is organized as follows. The observational datasets, seven sets of reanalysis data, models, and analysis methods are described in section 2. Section 3 makes a comparison of changes in PWC characteristics in seven sets of reanalysis data. Simulated features of PWC in 26 CMIP5 models are analyzed in section 4. Finally, a summary is given in section 5.
Data and method

a. Data description
The seven reanalysis datasets used in this study are the National Oceanic Kanamitsu et al. 2002 ; http://www.esrl. noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html). These datasets are the currently state-of-the-art reanalyses, and their characteristics are summarized in Table 1 . It is shown that these reanalyses differ in model system, data assimilation method, satellite data processing, and model resolution. They cover different time periods but overlap in our interest analysis period 1979-2012. Multiple reanalyses are applied to avoid data dependence of the results. Results of individual reanalysis datasets are derived from their own original spatial resolutions. The multiple reanalysis ensemble mean (MRE) is calculated after individual reanalyses are uniformly interpolated onto a common 2.58 3 2.58 grid format using bilinear interpolation.
To examine whether the precipitation and SLP change are coherent with the change of PWC and climate impacts of the recent PWC change, the monthly Global Precipitation Climatology Project (GPCP), version 2.2, combined precipitation dataset (Huffman et al. 2009 ), the monthly mean SLP data from the Hadley Centre Sea Level Pressure dataset, version 2 (HadSLP2; Allan and Ansell 2006) , and surface temperature from the Goddard Institute for Space Studies (GISS) Temperature Analysis (GISTEMP; Hansen et al. 2010 ) are used. To study how SST variations affect PWC, the Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST) is used here to describe global SST variation patterns and extract the decadal-scale signals from its long record (Rayner et al. 2003) .
To examine the robustness of recent PWC change and drive mechanism, the AMIP experiments, using the monthly mean observed SST to force the atmospheric general circulation model (AGCM), from 26 climate models (listed in Table 2 ) participating in CMIP5, are analyzed. Detailed descriptions about the models and experiments can be seen online (http://cmip-pcmdi.llnl. gov/cmip5/). Only the first member of each model, with the same period from 1979 to 2008, is used for analysis. All model data are regridded onto a common 2.58 3 2.58 grid using bilinear interpolation.
b. PWC indices
Three kinds of PWC index are used:
1) The first is the equatorial Pacific east-west SLP gradient (dSLP), defined by Vecchi et al. (2006) , the difference of the area-averaged SLP between the Tahiti region (58S-58N, 1608-808W) and the Darwin region (58S-58N, 808-1608E), as a proxy of PWC intensity. The value dSLP offers a good measure of the equatorial trade wind in both observations and models (Vecchi et al. 2006; Vecchi and Soden 2007; Zhang and Song 2006) , but dSLP is not a direct measure of the atmospheric circulation. 2) The second index is the surface zonal wind (Us) averaged over the equatorial Pacific (58S-58N, 1508E -1508W), as defined by Luo et al. (2012) and McGregor et al. (2014) . The Pacific trade wind is only the surface part of PWC.
3) The third index is based on zonal mass streamfunction (Yu and Zwiers 2010; Bayr et al. 2014 ).
Mathematically, the structure of PWC can be described by an integral of tangential wind speed along a closed circle of the equatorial Pacific vertical sector, like the Hadley circulation that is usually represented by the mean meridional mass streamfunction, which is computed by the vertical integration of the zonal mean density-weighted meridional wind from the top level downward. Therefore, to have a direct measure of the whole structure of PWC, namely the thermally divergent circulation in the vertical plane over the equatorial Pacific, PWC is also defined as an equatorial Pacific zonal circulation cell represented by the zonal mass streamfunction as following, as in previous studies (Yu and Zwiers 2010; Bayr et al. 2014; Schwendike et al. 2014) ,
where C denotes the zonal mass streamfunction, a is the radius of Earth, Du is the width of the band 58S-58N along the equator in radians, g is the gravitational acceleration, u D is the divergent component of the zonal wind, and p is the pressure. The divergent component of the zonal wind is obtained by solving the Poisson equation globally for the potential function with divergence as the forcing term and then calculating the divergent wind. The zonal mass flux streamfunction is computed subsequently by vertically integrating u D meridionally averaged between 58S Kanamitsu et al. (2002) and 58N, from top level downward. Thus, the calculation of C depends on accurate analyses of u D , which may be highly model dependent because the divergent circulation in reanalyses is strongly influenced by the model heating, especially in the upper-tropospheric wind, in data-sparse regions such as are common in the tropics (Annamalai et al. 1999; Schwendike et al. 2014 ). For example, Kumar et al. (1999) , using the divergent circulation deduced from the velocity potential at 200 hPa based on the NCEP-1 reanalysis as an indicator variable of PWC, found a southeastward shift in the PWC anomalies associated with ENSO events during 1958-97 that may lead to a reduced subsidence over the Indian region, thus causing the weakening relationship between the Indian monsoon and ENSO. However, comparisons between reanalysis products and independent observations suggested that the abrupt shifts of divergent circulation in NCEP-1 were probably spurious artifacts of the treatment of convection in models used to produce reanalyses or the changes in the observing system since the late 1970s (Kinter et al. 2004) . Moreover, the observing system used for the data assimilation frequently undergoes major changes that may create spurious signals in atmospheric reanalyses (de Boisséson et al. 2014) .
In addition, although the atmospheric circulation in a reanalysis dataset is the best estimate of real atmospheric circulation since the zonal and meridional wind are directly assimilated from the observational data (Kalnay et al. 1996) , there may be some differences in divergent circulation described by different reanalysis datasets, because the atmospheric forecast model, assimilation algorithm, vertical and horizontal resolution, satellite data processing (Table 1) , and convective parameterizations are not the same among different reanalysis dataset. This has led to the differences of the global monsoon precipitation (Lin et al. 2014 ) and the atmospheric water vapor transport for summer precipitation over the Tibetan Plateau (Feng and Zhou 2012) derived from different reanalysis datasets. To ensure the robustness and reliability of results, we focus on the better-observed period since the late 1970s; the changes of PWC derived from multiple reanalysis datasets in the period of 1979-2012 were examined and compared. The latitudinal interval from 58S to 58N is chosen because the region is typically used to define the Walker circulation (Cane et al. 1997; Vecchi et al. 2006; DiNezio et al. 2013; Bayr et al. 2014) , and the result is insensitive to reasonable variation of the latitudinal interval averaged (Oort and Yienger 1996) . To make the results comparable to previous studies, we follow the definition. We have noticed the possible influence of the latitudinal interval. In a recent paper, Schwendike et al. (2014) compared results based on latitudinal interval averaged over 58S-58N, 108S-108N, and 358S-108N when they used vertical mass flux to define PWC and also found the essential characteristics of the PWC basically remain the same among the different latitude average. We have also examined the Walker circulation changes based on the 108S-108N average; the conclusion remains the same. The zonal mass streamfunction in Eq. (1) not only can isolate the zonal convective flow from original threedimensional tropical atmospheric circulation, which includes meridional and zonal components-namely, the Hadley and Walker circulation (Schwendike et al. 2014 )-but also proves a more intuitive image of PWC (Fig. 1) . The vertically averaged C of all levels averaged over the western and central Pacific (1508E-1508W) is built as another PWC intensity index (STRF). We define the PWC western edge by the zero line of C on the westward side of the international date line, averaged between 400 and 600 hPa. The results are not sensitive to the pressure levels chosen to determine the PWC intensity and western edge.
c. Statistical significance evaluation of trends
As in many previous studies (Luo et al. 2012; Sohn et al. 2013; Kosaka and Xie 2013; L'Heureux et al. 2013; McGregor et al. 2014; Sandeep et al. 2014) , trends of all quantities presented in this study were calculated using least-squares linear regressions, and their level of significance was estimated using a two-tailed Student's t test (null hypothesis of zero linear trend) with an effective degree of freedom (Bretherton et al. 1999 ).
Comparison of seven sets of reanalysis data a. Long-term mean PWC characteristics
To better understand the changing character of the PWC during the recent three decades (1979-2012), we first discuss the long-term climatology of the PWC defined using the zonal mass streamfunction. Meanwhile, differences of the climatological PWC characteristics between different reanalysis datasets are compared.
The long-term (1979-2012) mean annual zonal mass streamfunction along the equatorial Pacific (58S-58N) and corresponding zonal divergent winds and vertical winds derived from seven reanalysis datasets and a multiple reanalysis ensemble mean are shown in Fig. 1 . The results above 100 hPa are not displayed, because the atmospheric mass flux above 100 hPa is negligible. In terms of C, the zonal atmospheric circulation is depicted by alternating negative and positive cells. The PWC is the strongest cell located east of the Maritime Continent, with positive values indicative of anticlockwise rotation, consistent with those indicated by composite vectors of zonal divergent winds and vertical winds. The center of the PWC cell is located in the middle troposphere (;500 hPa) and fairly close to the equatorial central Pacific (;1608W). The relatively denser lines of constant streamfunction over the region around 1508E and the region around 1208W, separately, are coherent with the stronger rising motion over the Maritime Continent and western Pacific and sinking motion over the eastern Pacific. Combined with the results of the zonal divergent circulation, C depicts visually the whole structure of the PWC, which is characterized by an ascent center over the Maritime Continent and western Pacific, westerlies in the upper troposphere, a strong decent in the eastern Pacific, and surface easterlies, resulting in an enclosed cell.
PWC structure features captured by seven reanalyses are similar, with the pattern correlation of the zonal mass streamfunction along the equatorial Pacific between individual reanalysis and a multiple reanalysis ensemble mean larger than 0.96. Nevertheless, slight differences are notable between different reanalyses. For example, the PWC is the strongest in 20CR and the weakest in MERRA, with the zonal mass flux C of the circulation center larger than 5.0 3 10 11 kg s 21 and close to 4.0 3 10 11 kg s 21 , respectively. The western edge of the PWC (zero line of C over the western Pacific) indicated by four reanalyses (ERAIM, JRA-25, JRA-55, and MERRA) with relatively higher horizontal resolution is shifted farther westward than that of three reanalyses (20CR, NCEP-1, and NCEP-2) with lower horizontal resolution.
b. Recent changes in PWC characteristics
As introduced in section 2, although the SLP gradient between the western and eastern Pacific is not a direct measure of the PWC strength, it is a simple estimate of the PWC strength. The equatorial Pacific trade winds are only the surface parts of the PWC, but it is the main bridge of the air-sea interactions over the tropical Pacific. Thus, in this section, we carry out an integrated study of the changes in PWC using the zonal mass streamfunction, which captures PWC structure features well, combined with the results of SLP and surface trade.
The long-term trends of C along the equatorial Pacific during 1979-2012 are shown in Fig. 2 . In all reanalyses and multiple reanalysis ensemble mean, C trends (shading) show a quite similar spatial pattern with respect to the long-term mean (contour), with a westward movement of the maximum positive C trend center, compared to the climatological center of the PWC cell. Both the positive trend of C on the west side of the PWC cell and the negative trend on the right side of the PWC cell are statistically significant at the 5% level, indicating an intensification and westward shift of the PWC in recent decades. The trends of the zonal mass streamfunction over the equatorial exhibit a similar pattern among seven reanalysis datasets, with the pattern correlation coefficients between individual reanalysis dataset and multiple reanalysis ensemble mean all larger than 0.71. Discrepancies are still obvious between the seven reanalysis products, despite the large similarities of trend spatial pattern. For instance, the positive trends of the zonal mass streamfunction have a broader coverage in 20CR, ERAIM, JRA-25, JRA-55, and MERRA in comparison to those in NCEP-1 and NCEP-2. The strong negative trends of C almost control all levels of the eastern Pacific in 20CR, ERAIM, JRA-25, JRA-55, and MERRA, with the maximum center located in the middle troposphere (;500 hPa). In NCEP-1 and NCEP-2, the strongest negative trends dominate the low levels of the eastern Pacific and extend westward as far as the international date line, accompanied by a significant positive trend in the upper troposphere. A similar discrepancy of NCEP-1 and NCEP-2 with other reanlyses is also found for the Hadley circulation (Mitas and Clement 2005) .
From above analyses of the changes of the zonal mass streamfunction, the strengthening and westward shift of the PWC structure on the zonal vertical cross section are To answer these questions, we examine the change of SLP and surface winds over the tropical Pacific in seven reanalyses in Fig. 3 . The linear trends of the observational SLP and precipitation are also shown in Fig. 3 . In the observations, SLP decreases significantly over the tropical Indian Ocean and western Pacific and increases significantly over the tropical central and eastern Pacific, while precipitation shows a moistening tendency over the central Indian Ocean and western Pacific and a drying tendency over the central Pacific (Fig. 3a) , strongly supporting the intensification and westward shift of the PWC indicated by reanalysis data. Seven reanalyses show similar SLP trend patterns to those of the observations. Consistent with the significant decreasing of SLP over the western Pacific and increasing over the eastern Pacific, the enhancement of the tropical Pacific trade wind is evident in all seven reanalyses (Figs. 3b-h ).
To get a clearer picture of the changes in the PWC structure, the long-term trends and long-term mean of the mass-weighted vertically averaged zonal streamfunction, vertical wind at 500 hPa, and surface zonal wind over the equatorial Pacific are shown in Fig. 4 . No matter the vertical average of the zonal mass exchange flux C or for 500-hPa vertical wind and surface zonal wind, in all reanalyses, the shapes of the linear trends are similar with respect to the long-term mean. Compared with the climatological zonal distribution, centers of the trends shift westward. For instance, in terms of the climate mean state, both the maximum center of the vertically averaged zonal streamfunction and the strongest surface zonal winds are located in regions of the central Pacific around 1508W (Figs. 4a,c) , and the strongest ascending motions are concentrated on the western Pacific (Fig. 4b) . In terms of long-term change, the largest increasing of the vertically averaged C and strongest strengthening of surface zonal winds in the reanalyses all occur in regions west of the international date line, indicating a clear picture of the intensification and westward shift of the PWC. Considering the PWC is a zonal asymmetric tropical Pacific circulation and is driven by the SST difference along the equatorial Pacific, created by the continental interruption of major oceanic circulations over the Maritime Continent (Bjerknes 1969; Philander 1990) , and as a consequence of the seasonal variation in the energy exchange between the atmosphere and ocean, PWC has a seasonal cycle (Yu et al. 2012; Schwendike et al. 2014 ); thus, we further examine the seasonality of PWC and its corresponding changes. As shown in Fig. 5 for the climatology, the PWC strength indicated by the maximum of the vertically averaged zonal mass flux is relatively stronger in boreal summer and winter than those in spring and fall, and the corresponding maximum center migrates zonally during the course of the year. The PWC western edge indicated by the zero line of the vertically averaged zonal mass flux over the western equatorial Pacific exhibits an obvious seasonal migration with the shifting from west of 1508E in boreal summer robust strengthening and westward shifting of the PWC in the recent three decades is not seasonally dependent.
To quantitatively measure the changes of PWC, the time series of the smoothed annual PWC intensity indices based on the zonal streamfunction, SLP gradient, and the equatorial Pacific trade, after using a 3-yr running mean, are displayed in Fig. 6 . All three PWC intensity indices show a high degree of consistency in the multiyear variations and a similarly intensifying trend among seven reanalysis datasets. The interannual and multiyear variation of PWC is dominated by ENSO, as evidenced by close coherent variation (Table 3) . We further compare the PWC western edge index derived from different reanalysis data in Fig. 6d . A coherent variation among different reanalysis data, and between the western edge index and Niño-3.4 index, is also evident. The PWC intensity indices are significantly and negatively correlated to the Niño-3.4 index with an absolute correlation coefficient jrj . 0.81, while the PWC western edge index is positively correlated to the Niño-3.4 index with a correlation coefficient of up to 0.81 for the multiple reanalysis ensemble mean (Table 3) . Thus, the PWC exhibits a weakening (strengthening) and an eastward (westward) shift during El Niño (La Niña) events, accompanied by the corresponding eastward (westward) shift of the centers of large-scale convection and precipitation (Philander 1990 ). All reanalysis data are highly consistent in revealing the above relationship. Time series of the PWC intensity indices and western edge (Fig. 6) show an intensification and westward shift of the PWC cell since 1979. The quantitative measure of these changes is shown in Fig. 7 The westward shift of PWC is evident in all reanalysis datasets (Fig. 7d) , with a trend for the western edge of 4.688, 4.488, and 3.588 longitude decade 21 in JRA-55, NCEP-1, and NCEP-2, respectively; all are statistically significant at the 1% level. MERRA and 20CR also show a westward shift trend of 3.588 and 3.088 longitude decade 21 , which is statistically significant at the 5% and 10% levels, respectively. The westward shift trends in ERAIM and JRA-25 are smaller than in the other five reanalyses and are not statistically significant at the 10% level.
c. Changes of precipitation and surface temperature associated with the PWC change
To reveal the precipitation and temperature changes associated with the intensification and westward shift of the PWC, following Thompson et al. (2000) and Zhou et al. (2008) , the observed trends of precipitation and surface temperature are partitioned into linearly congruent and linearly independent components with respect to the PWC intensity and western edge index. The component of the precipitation trend that is linearly congruent with the PWC intensity (western edge) is estimated at each grid point by regressing the precipitation time series onto the time series of the PWC intensity (western edge) index and then multiplying the linear trends of the PWC intensity (western edge) index. As in Zhou et al. (2008) , an f test is used to test the statistical significance of the linearly congruent component.
The linear trends of precipitation and surface temperature during 1979-2012, and the corresponding components congruent with the PWC intensity and western edge are shown in Fig. 8 . In precipitation and temperature fields, PWC intensity and western-edgecongruent components highly resemble that of total trends. The impacts of the PWC intensity and western edge changes on the surface climate are similar. A wetter Indo-Pacific warm pool and drier central and eastern tropical Pacific stand out; a drying northern Atlantic and moistening equatorial Atlantic is also evident. The PWC changes are associated with a cooling central and eastern Pacific but warming western Pacific. Compared to the westward shift of PWC, the strengthening of PWC has stronger impacts on changes of precipitation and surface temperature. For instance, the moistening of the Indo-Pacific warm pool and drying of the central and eastern tropical Pacific in intensitycongruent components are stronger than that in western-edge-congruent components. The cooling in the central and eastern Pacific in intensity-congruent components and the warming in the western Pacific are also stronger than that in the western-edge-congruent components. Because the chosen linear analysis method is deficient over the eastern equatorial Pacific, the cooling and drying over the eastern equatorial Pacific are statistically significant in the linearly congruent component, but the results based on the total change are not statistically significant.
CMIP5 simulations
In the observations, during 1979-2012, the SST trend pattern displays an obviously eastern Pacific cooling and a significant warming over the western Pacific (Fig. 9a) , with a clear strengthening of the tropical Pacific SST gradient. Meanwhile, the tropical Atlantic and Indian Ocean also show a significant warming but with relatively smaller magnitudes. The La Niña-like SST change pattern is physically consistent with the changes of SLP and surface wind displayed in Fig. 3 . The PWC is thought to be a thermally divergent zonal atmospheric circulation over the tropical Pacific the equatorial Pacific SST gradient is one dominant driving force of the PWC strength (Philander 1990 ). For the long-term change of PWC, an increased (decreased) equatorial Pacific zonal SST gradient is key to the enhancement (reduction) of the PWC (Liu et al. 2013; Meng et al. 2012; Tokinaga et al. 2012a; Sandeep et al. 2014) . Meng et al. (2012) used the history of observed SST, which ). The trends that passed the 99% (95%) statistical confidence level are filled with black dots (horizontal lines). Bars filled with vertical lines indicate that the trends are not statistically significant at the 5% level. exhibits a zonally asymmetric evolution with La Niña-like pattern since 1870 over the equatorial Indo-Pacific sector, to force an AGCM. They suggested that the Pacific SST gradient drove the PWC variability, and the La Niña-like SST change induced the strengthening of the PWC over the twentieth century. Based on the results of a suite of SST-forced AGCM experiments conducted by Tokinaga et al. (2012a,b) , it was suggested that the SST warming pattern, resembling El Niño with a reduced zonal gradient in the tropical Indo-Pacific sector, is the main cause of the weakened PWC over the past six decades . To further confirm the driving effect of the observational La Niña-like SST change pattern with increased zonal gradient in the tropical Indo-Pacific sector on recent PWC strengthening and westward shift, we examine the changes of PWC in CMIP5 during 1979-2012 of (a),(b) annual trends, (c),(d) the components linearly congruent with the multiple reanalysis mean STRF, and (e),(f) components linearly congruent with the western edge. Areas exceeding the confidence limit of 5% using an f test are dotted.
simulations, which were performed using the monthly mean observed SST to force the atmosphere models. Before examining the changes of the PWC in CMIP5 simulations, we first examine the performance of CMIP5 AGCMs in reproducing the climate mean state and interannual variability of PWC. The climatological vertical structures (Fig. 9b) of the tropical PWC in the CMIP5 multimodel ensemble mean (MME) are similar to those of the reanalysis dataset (Fig. 1) . All CMIP5 models reasonably reproduced the mean state of the PWC structure, as evidenced by the spatial pattern correlation coefficients (PCCs) of C between models and MRE larger than 0.88 and the relative squared difference smaller than 1.25 (Fig. 9c) . MME shows better performance in reproducing the PWC mean state with highest PCC with MRE and smaller relative squared difference compared to most models.
The time series of the PWC intensity and western edge index derived from CMIP5 models are compared to MRE, which is regarded as the observed PWC intensity and western edge index, in Figs. 10a and 10b . The interannual variation of the PWC intensity and western edge are well reproduced by CMIP5 models (Figs. 10c and  10d) , with the correlation coefficients of the PWC index between CMIP5 models and MRE larger than 0.87 and 0.7 for intensity and western edge index, respectively; all are statistically significant at the 0.1% level. Meanwhile, MME shows the best PWC interannual variation, with higher r than any individual model. Overall, CMIP5 models capture the mean state and interannual variation of the PWC reasonably well. Thus, simulations of CMIP5 models can be used to further study the changes of PWC. In response to the observed La Niña-like SST forcing, a strengthening and westward shift trend in PWC is apparent in trends of both C and SLP (Figs. 11a,b) , with decreasing SLP over the Maritime Continent and extending westward to the Atlantic and prominent increasing SLP over the eastern tropical Pacific. The positive trends of C extend eastward to the central Pacific from the Maritime Continent (nearly from 1358E to 1358W), and negative trends dominate the zonal mass flux change over the eastern Pacific. Physically consistent with changes in SLP and C, surface easterlies enhance significantly over the central Pacific, while precipitation increases over the equatorial Indian Ocean and the Maritime Continent and decreases over the tropical central Pacific.
The AMIP experiments from CMIP5 reproduce the PWC structure changes derived from reanalysis datasets and independent observations quite well, indicative of a driver of the recent La Niña-like SST change pattern to the strengthening and westward shift of PWC. The driving forcing of the recent La Niña-like SST change on the strengthened PWC is supported by the evidence provided by previous studies, which suggested the current global-warming hiatus is tied specially to the equatorial Pacific La Niña-like decadal cooling through intensifying PWC (Meehl et al. 2011 (Meehl et al. , 2013 Kosaka and Xie 2013; England et al. 2014) . But most CMIP5 simulations have a less westward shift and a weaker intensification of PWC than that in all reanalyses except for NCEP-1 (Fig. 11c) . This difference might be due to neglecting air-sea feedback (Zhou et al. 2008 ) and deficiencies in the downward ) and (b) western edge (8 lon) index in CMIP5 MME (red line) and range of individual model (pink shading). The MRE PWC intensity and western edge indices are also shown in (a) and (b), respectively. Correlation coefficients of PWC (c) intensity and (d) western edge index between CMIP5 models and MRE. Letters and numbers denote different reanalyses and models, respectively, as shown in Fig. 9c. mixing of momentum through the boundary in AGCM (McGregor et al. 2014) . The coherent changes of intensified and westward shift of PWC seen in the reanalysis dataset are also evident in CMIP5 models. As shown in Fig. 11c , the PWC intensifying trends are negatively correlated with the PWC westward shift trends, with the correlation coefficient up to 20.52, which is statistically significant at the 1% level.
Summary and discussion
a. Summary
In this study, we analyzed the recent trend of the PWC structure using multiple reanalysis datasets and observations of climate variables associated with PWC, based on multi-PWC indices. At the same time, to advance our understanding of SST forcing to the recent change of PWC during 1979-2012, we examined the PWC change simulated by AMIP experiments of 26 CMIP5 atmospheric models. The main findings are summarized as follows.
The zonal mass streamfunction intuitionally depicts the zonal-vertical structure of the enclosed PWC cell very well, with ascending motion over the Maritime Continent and tropical western Pacific, descending motion over the eastern Pacific, westerlies in the upper troposphere, and surface easterlies. The equatorial Pacific zonal mass streamfunction produces an extremely similar mean state PWC structure among seven sets of reanalysis products, with the pattern correlation coefficient between individual reanalysis dataset and multiple reanalysis ensemble mean being larger than 0.95. During the recent three decades , the linear trends of C along the equatorial Pacific derived from seven sets of reanalysis data all exhibited a significant strengthening and westward shifting trends of the PWC. All reanalyses exhibited significant increasing trend of SLP over the western Pacific and decreasing trend of SLP over the eastern Pacific and thus enhanced trade winds, which is physically consistent with the change of the zonal mass streamfunction. The observed SLP trends resemble that derived from the reanalyses, providing more evidence of PWC strengthening and westward shift. Quantitatively, the PWC intensity and western edge defined using the zonal mass streamfunction show a robust strengthening and westward shift trend among different reanalysis datasets over the past three decades, with a significant trend of 15. in JRA-55 (JRA-25). The PWC intensity index based on the SLP gradient and Pacific trade winds also revealed a robust PWC enhancement in all reanalysis datasets. The recent PWC intensification and westward shift contribute greatly to the observed moistening over the Indo-Pacific warm pool and drying and cooling over the central and eastern tropical Pacific. The CMIP5 models reasonably reproduced the mean state and interannual variation of PWC quite well. More important, in response to the recently observed anomalous SST forcing, which resembles a La Niña-like state, the CMIP5 models reasonably reproduced the recently observed PWC strengthening and westward shift trends, indicating dominant forcing of the La Niña-like SST anomalies to the observed PWC change.
b. Discussion
Based on multiple reanalysis datasets and 26 CMIP5 simulations, it is found that there is a robust strengthening and westward shift of the PWC during 1979-2012, which is different from the results revealed in some previous studies (Knutson and Manabe 1995; Held and Soden 2006; Vecchi et al. 2006; Power and Smith 2007; Power and Kociuba 2011 ) that have stated an observed and simulated twentieth-century weakening of PWC as a result of global warming. One of the possible reasons for this difference is the PWC change during 1979-2012 has a lower signal-to-noise ratio due to the shorter time period and a stronger influence of natural variability such as the Pacific decadal oscillation (PDO) or interdecadal Pacific oscillation (IPO). Both global warming induced by increasing greenhouse gas forcing and internally generated variability [such as a mega-El Niño-Southern Oscillation (ENSO), PDO, or IPO] contributed to the observed weakening of the twentiethcentury PWC (Collins et al. 2010; Power and Smith 2007; Power and Kociuba 2011; Dong and Lu 2013; Wang et al. 2013; Bayr et al. 2014; Sandeep et al. 2014) . As pointed out in Vecchi et al. (2006) , the strong decadal variability complicates the detection of a relatively small forced PWC change even in multidecadal records; to detect the forced change of the PWC, a record longer than 100-120 yr is required. It is also suggested that, for the detection periods shorter than 100 yr, internal variability is likely to play a more important role in the changes of PWC (DiNezio et al. 2013; Ma and Zhou 2014; Sohn et al. 2013; Wang et al. 2013) . DelSole et al. (2011) also found that trends of SST have very high confidence intervals when evaluated over 16-or 32-yr periods, making the detection of trends above noise in climate time series very difficult. A similar conclusion was drawn by Harrison and Chiodi (2015) : because of the strong multidecadal variability in ENSO superimposed on the century-scale variability, the centennial-scale (or longer) trend associated with ENSO cannot be distinguished from zero with 95% confidence. Thus, the recent three decades (1979-2012) may not be long enough to isolate the weakening trend of the PWC induced by global warming from the strong internal variability.
Perhaps because of the low signal-to-noise ratio, the recently robust strengthening and westward shift of PWC deduced from the 1979-2012 period are inconsistent with some previous studies that revealed a weakening PWC during the twentieth century (Vecchi et al. 2006; Power and Smith 2007; Power and Kociuba 2011) . Insofar as surface pressure and other surface observations can sufficiently constrain the three-dimensional circulation [as has been argued by Compo et al. (2011) ], the 20CR made use of only surface observations, which is a relatively homogeneous set of observations in the reanalysis that extends back to 1900; thus, in order to determine how much confidence can be placed in the PWC changes deduced from the 1979-2012 period, the 20CR was used to extend the PWC analysis farther back in time. The changes of PWC characteristics during 1900-2012 derived from the 20CR dataset are shown in Fig. 12 . A significant strengthening and westward shift of the twentieth-century PWC is revealed, characterized by significantly positive trends of zonal mass streamfunction C over the western Pacific and significantly negative trends of C over the eastern Pacific (Fig. 12a) , accompanied by the increasing (decreasing) SLP over the central and eastern Pacific (Indo-Pacific) and the enhanced trade winds over the western Pacific, physically consistent with the La Niña-like SST change (Fig. 12b) . In terms of the time evolution of PWC indices (Fig. 12c) , consistent with the results of Meng et al. (2012) , who also suggested a strengthened PWC during the twentieth century.
In addition, there is still considerable uncertainty concerning the twentieth-century trends of PWC. The observed weakened PWC over the twentieth century is based on the observations and reconstructions of SLP (Vecchi et al. 2006; Power and Smith 2007) . However, the bias in the SLP observations and reconstructions is large before the 1950s because of sparse in situ measurements (DiNezio et al. 2013; L'Heureux et al. 2013) . Multidecadal trends evaluated since 1950 reveal a significant strengthening of the PWC (L'Heureux et al. 2013) . SST trend patterns are the key drivers of the PWC change (DiNezio et al. 2010; Meng et al. 2012; Tokinaga et al. 2012a ), but there are large discrepancies in the SST trends during the twentieth century over the IndoPacific in the different observational datasets Solomon and Newman 2012; Tokinaga et al. 2012b) leading to the change of the twentieth-century PWC in response to global warming that is actually uncertain.
For the results of climate models, the simulated SST responses to global warming are different among models: although a number of coupled models simulate an El Niño-like SST response (Vecchi and Soden 2007; Yu and Boer 2002; DiNezio et al. 2009 ), some models exhibit a La Niña-like pattern (Clement et al. 1996; DiNezio et al. 2010) , and a number of models show a more or less homogeneous warming in the tropics with little of either pattern (DiNezio et al. 2009; Collins et al. 2010) , resulting in a large spread of the twentieth-century PWC change (Power and Kociuba 2011; DiNezio et al. 2013 ). The twentieth-century trends in the PWC have been hard to characterize from observations and model simulations.
The zonal thermal contrast over the tropical Pacific is one direct driving force of the zonally asymmetric atmospheric overturning circulation PWC. CMIP5 simulations forced by the observed SST with a change pattern resembling La Niña reproduced reasonably the recent robust strengthening and westward shifting of the PWC revealed by multiple reanalyses and independent observations. This strongly suggests that the recently intensified and westward-shifting PWC arise from the increased zonal Pacific SST gradient induced by the La Niña-like SST change. However, whether the recent La Niña-like decadal SST trend is internal or forced is still unclear. There are some studies that have concluded the recent cooling of the tropical Pacific is probably due to natural internal variability rather than a forced response (Kosaka and Xie 2013) . As a result of frequent occurrences of central Pacific-type El Niño in recent decades, the eastern tropical Pacific and western Pacific have undergone cooling and warming, respectively (Sohn et al. 2013) . The shift of IPO or PDO from its positive phase to negative phase and a mega-El Niño-Southern Oscillation probably contributed the eastern tropical Pacific cooling (Meehl et al. 2013; Wang et al. 2013; England et al. 2014; Thompson et al. 2015) . There are other studies that have suggested forcing from global warming may contribute to the recent La Niña-like SST trend pattern resulting from ocean dynamics (Li and Ren 2012) . Dong and Zhou (2014) suggested that the recent SST cooling in the eastern tropical Pacific has resulted from a competition between the global warming mode, IPO mode, and Atlantic multidecadal oscillation (AMO) mode.
Meanwhile, Indian Ocean and Atlantic warming could play an important role in modulating the Pacific climate change. For example, Luo et al. (2012) point out that the enhanced tropical Indian Ocean warming in recent decades is likely to have contributed to the La Niña-like state through the Pacific Ocean-atmosphere interactions and favors a stronger PWC. In addition, the AMO has had a substantial influence on the changes of the Pacific climate (Wang et al. 2013; McGregor et al. 2014) . The stronger warming of the tropical Atlantic Ocean compared to the global SST mean is associated with a La Niña-like mean state change in the tropical Pacific (Kucharski et al. 2016) . The Atlantic warming can modify the atmospheric circulation through an atmospheric bridge mechanism, leading to a high pressure anomaly in the central Pacific. The easterly wind anomalies associated with this high pressure anomaly to the west then trigger oceanic Kelvin waves that travel to the east and lead eventually to La Niña-type conditions in the tropical Pacific region (Kucharski et al. 2015) . Therefore, recent Indian Ocean and Atlantic warming may further indirectly promote the strengthening and westward shifting of the PWC through modulating the Pacific climate. The contribution percentage of individual basin SST variability to the recent intensification and westward shifting of PWC is a very interesting scientific question and needs to be studied in the future.
